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Brewster Angle MicroscopyOne of the factors, which can strongly modify the cell membrane composition, is disordering in membrane
asymmetry, resulting from redistribution of lipids from inner to outer layer. Such a disturbance may affect
the behavior of various biologically active compounds incorporating into membranes. In this contribution,
the relationship between the amounts of phosphatidylserine (PS) in the model outer layer of human eryth-
rocyte (RBC) membrane and the effect induced by a plant sterol (β-sitosterol) was veriﬁed. The experiments
were performed on multicomponent Langmuir ﬁlms imitating red blood cell (RBC) membrane, differing in
the contents of PS (0%; 5% and 10%) into which the plant sterol was incorporated in various concentrations.
The analysis of experimental results (surface pressure–area isotherms complemented with Brewster Angle
Microscopy (BAM) proved that the presence of phosphatidylserine molecules, depending on their contents
in the mixed monolayer mimicking RBC membrane, changes its properties and exerts inﬂuence on the effect
of plant sterol on the model system. The addition of phytosterol into the monolayer that lacks or contains
only 5% of PS was found to be of rather weak effect on the properties of the system. However, in the case
of the model membrane containing the increased amount (10%) of PS, the incorporation of plant sterol
strongly affects the interactions between molecules and caused thermodynamic destabilization of the mono-
layer imitating RBC membrane. These results allow one to suggest that externalization of phosphatidyserine
to the outer membrane leaﬂet may differentiate the effect of plant sterols on cell membranes of various
origins.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The concentration and mutual proportion of particular compo-
nents of human erythrocyte (Red Blood Cell, abbr. RBC) membrane
as well as their distribution within bilayer have systematically been
studied over the years and differences between the composition of
inner and outer leaﬂets have been well described in literature [e.g.
1,2]. Intensive investigations performed on red blood cells taken
from a number of donors (including both healthy subjects and
patients) evidenced that various disorders may inﬂuence the compo-
sition and morphology of RBC membrane. For example, the ratio of
the respective lipids in RBC membrane was found to vary signiﬁcantly
in cancer patients [3], alcoholics [4], hypercholesterolemic [5] or
obese subjects [6]. Apart from pathological factors, the changes in
membrane composition occur also due to medical treatments [7] or
aging [8] and may be determined even by a lifestyle (diet, physical
training, etc.) [9,10].
Modiﬁcations in membrane composition cover also perturbations
in distribution of lipids between the inner and outer layer. Namely, inx: +48 0 12 634 05 15.
o).
l rights reserved.normal human membranes both leaﬂets differ in their compositions,
namely phosphatidylcholines and sphingomyelin are located mainly
in the external layer, while most of phosphatidylethanolamines and
practically total phosphatidylserines (PSs) are localized in the inter-
nal membrane leaﬂet [1,2]. However, the foregoing asymmetry of
lipid distribution can be collapsed by externalization of phos-
phatidylserine into the outer membrane layer. This kind of distur-
bance in membrane asymmetry is characteristic of apoptotic cells
and has been widely reported for cellular membranes of various
tumor lines [11–14]. Considering human erythrocytes, the redistribu-
tion of PS molecules from the inner to outer membrane leaﬂet occurs
during normal aging of cells [15,16]. However, the exposure of phos-
phatidylserine onto the outer layer of erythrocyte membrane was
evidenced also for various pathological conditions, for example in
various types of hemolytic anemia (e.g. Sickle cell anemia, Thalasse-
mia) [14,17] as well as in erythrocytes of patients with chronic
renal failure and kidney stone disease, diabetes, hypercholesterol-
emia and obese subjects [14,18–21].
It is clear that the lipid composition maintains properties and
proper functioning of membrane structure; thus any disturbance
may be critical for cell viability. Moreover, any disorder in the mem-
brane composition, including a loss of asymmetry, may be also impor-
tant from the point of view of the effect of various biomolecules on
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on the inﬂuence of plant sterol (β-sitosterol) on the model outer
layer of RBC membrane mimicked by multicomponent Langmuir
ﬁlms, differing in the concentration of phosphatidylserine.
Plant sterols (phytosterols), apart from their well documented
cholesterol-lowering effect on human organism and the ability to
cancer prevention [see e.g. 22], reveal also membrane-activity, i.e.
they are able to incorporate into mammalian membranes. Their activ-
ity in this area includes elimination and replacement of cholesterol or
building into the membrane, resulting in the increase of total sterol
content [23 and references therein, 24–31]. Both these effects may
modify membrane composition and – in consequence – affect its
properties. The investigations on the inﬂuence of plant sterols on
membranes were performed on model systems and on natural mem-
branes taken from both healthy donors as well as pathologically
changed cells. However, conﬂicting results have been described in lit-
erature, namely some reports indicated that the incorporation of phy-
tosterols alters the properties of biomembranes [28,30,32], while the
others claimed the opposite effect [e.g. 31,33]. Therefore, it seems
that the issue concerning the inﬂuence of plant sterols on human
membranes requires further systematic analysis and the role of mem-
brane composition in the effect of these compounds should be espe-
cially thoroughly veriﬁed. A good method, which allows one to get
insight into the foregoing problem is to perform experiments on
artiﬁcial membrane systems (e.g. Langmuir monolayers). Such an ap-
proach enables to prepare model systems containing various selected
membrane lipids in adequate proportion and in this way reﬂect
compositional differences reported for membranes originating from
various donors. The results obtained previously in the studies on mul-
ticomponent model membranes [34] proved that the effect of phytos-
terols depends on whether their accumulation is associated with an
increase in the total concentration of sterols or elimination of choles-
terol. Namely, the replacement of cholesterol by phytosterols was
found to inﬂuence model membrane more strongly than the increase
of total sterols concentration provoked by plant sterol addition.
Recently it has been also clearly evidenced that the effect of plant
sterols on model membrane depends strongly on the concentration
of mammalian sterol (cholesterol) in the system [35]. A general con-
clusion resulting from these studies was that changes in the composi-
tion of erythrocyte membrane of various natures (e.g. variations in
the level of cholesterol) should be strongly considered as factors
determining the behavior of phytosterols. The foregoing ﬁndings
have motivated us to undertake research covered by the present
paper. The experiments were aimed at analyzing the effect of phos-
phatidylserine (PS) on the model outer membrane layer of human
erythrocytes mimicked by multicomponent Langmuir ﬁlms and veri-
fying the inﬂuence of the plant sterol (β-sitosterol) on these mixed
monolayers differing in the content of PS. This kind of research is
highly interesting in the context of a discussion on the inﬂuence of
phytosterols on cellular membranes of various origins, differing in
lipid composition.
2. Experimental
2.1. Materials
All the lipids used in experiments: egg sphingomyelin (SM),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1,2-dipalmitoyl-
sn-glycero-3-phospho-L-serine (sodium salt) (DPPS), cholesterol (Chol)
and β-sitosterol (β-sito) were synthetic products of high purity (≥99%)
purchased from Avanti Polar lipids (SM, POPC, POPE) and Sigma (sterols
and DPPS), respectively. To prepare spreading solutions the compounds
were dissolved in chloroform/methanol 9:1 v/v mixture (phospholipids)
or in chloroform (sterols) (both chloroform and methanol were pur-
chased from Aldrich, HPLC grade, ≥99.9%). Mixed solutions of desirablecompositions were prepared from the respective stock solutions and
deposited onto water subphase with the Hamilton micro syringe, precise
to 1.0 μL. The monolayers were left after spreading for 10 min. before the
compression was initiated with the barrier speed of 20 cm2/min.
2.2. Methods
The experiments were performed with the NIMA (UK) Langmuir
trough (total area=300 cm2) placed on an anti-vibration table.
Surface pressure was measured with the accuracy of ±0.1 mN/m
using Wilhelmy plate made of ﬁlter paper (ashless Whatman Chr1)
connected to an electrobalance. The subphase temperature (37 °C)
was controlled thermostatically to within 0.1 °C by a circulating
water system. For the experiments Ultrapure Milli-Q water was
used (pH=6.5 and resistivity of 18 MΩ cm at 20 °C±0.1 °C).
Brewster Angle Microscopy experiments were performed with
UltraBAM instrument (Accurion GmbH, Goettingen, Germany) equip-
ped with a 50 mW laser emitting p-polarized light at a wavelength of
658 nm, a 10× magniﬁcation objective, polarizer, analyzer and a CCD
camera. The spatial resolution of BAM was 2 μm.
2.3. Composition of model membranes
The concentration of lipids (SM, POPC, POPE, Chol) in the investi-
gated mixed monolayers was chosen to best reﬂect the composition
of the outer leaﬂet of human RBC membrane. The proportion of the
respective lipids in the system was established based on the results
of the analysis of the lipid composition in healthy human erythrocyte
membrane and their distribution between inner and outer membrane
layer reported in literature [1,36,37]. Following these data the ratio of
Chol to phospholipids (SM+POPC+POPE) in the studied mixed
ﬁlms was maintained at the level of 0.83, SM/PC proportion was
0.96, while POPE/Chol ratio=0.145. The content of PS in the forego-
ing ﬁlms was equal to 0% (for model membrane of “normal” erythro-
cyte) as well as 5% and 10% (for “disturbed”model membrane), which
falls within the range of phosphatidylserine content reported for
the inner layer of human erythrocytes [e.g. 1,36,38]. Into mixed
ﬁlms devoid of PS as well as to the monolayers containing phos-
phatidylserine, β-sitosterol was added in various concentrations
(Xβ-sito=0; 0.025; 0.05; 0.1; 0.2 and 0.3 in the respective ﬁlms).
2.4. Data analysis
The properties of the studied ﬁlms were analyzed based on the
surface pressure–area isotherms and BAM images taken during com-
pression of the investigated ﬁlms. To get insight into the physical
state of the investigated ﬁlms, the surface compression modulus
values were calculated from π–A curves (Eq. (1)) [39]
C−1S ¼−A dπ=dAð Þ ð1Þ
wherein A is the mean area per molecule value at a given surface
pressure π.
To compare the mean area per molecule values (A) derived from
the experimental curves with the areas for ideal mixing or complete
immiscibility of the monolayer components (Aid), the analysis of
the excess areas per molecule (AExc) deﬁned by Eq. (2) [40] was
performed.
AExc ¼ A−Aid: ð2Þ
The values of areas ideal (Aid) were calculated according to a
general formula:
Aid ¼∑AiXi ð3Þ
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nent ﬁlm, and Xi is the mole fraction of the respective component in
the mixed monolayer. Ai calculated from the above equation means
a linear combination of the areas of all the respective single compo-
nents and their molar fractions in the mixtures.
However, for the ﬁlms containing additionally the plant sterol the
Aid values were calculated from Eq. (4)
Aid ¼ A1X1 þ A2X2: ð4Þ
In the foregoing formula A1 and X1 are the areas per molecule
values for the mixed ﬁlm devoid of the plant sterol and its mole frac-
tion in the mixture with phytocompound, respectively, while A2 and
X2 refer to one component plant sterol ﬁlm.
Quantitative analysis of the interactions between molecules in the
monolayers was performed based on the excess free energy of mixing
values (ΔGExc) calculated as follows [40]:
ΔGExc ¼ N ∫
π
0
AExcdπ: ð5Þ
The errors for the respective parameters, marked in the ﬁgures,
represent maximum values calculated with the exact differential
method.
3. Results
3.1. Inﬂuence of PS on the properties of model outer membrane layer
In Fig. 1 the surface pressure–area curve for the monolayer imitat-
ing the outer leaﬂet of RBC membrane (0% of PS) is shown together
with the isotherms for ﬁlms containing additionally 5% and 10% of
phosphatidylserine.
Although differences in the course and position of presented
curves are rather subtle, it is seen that the addition of PS causes the
shift of the isotherm to slightly larger areas as well as induces a de-
crease of the collapse surface pressure value. In all the isotherms a
pseudo-plateau region is noticeable. It is, however, visible that the
presence of PS in the mixture causes this region (phase transition)
to shift to lower surface pressures as well as to larger areas, which
is especially pronounced for the system containing 10% of PS. This
tendency is easily observable in the compression modulus (CS−1) vs.
mean area curves (inset of Fig. 1), where pseudo-plateau appears
as a minimum. The analysis of CS−1 values at maxima allows one to
conclude that this region corresponds to the phase transition be-
tween liquid and condensed phase. For all these ﬁlms, CS−1 values atFig. 1. The surface pressure–area isotherms and the compression modulus vs. the mean
area per molecule plots (inset) for the monolayers imitating outer membrane layer dif-
fering in the content of phosphatidylserine.the ﬁrst maximum (below phase transition) are very similar
(CS−1≈90 mN/m), while, at the second maximum they drop with
the addition of PS (CS−1≈275; 230 and 200 mN/m at 0; 5 and 10%
of PS in the monolayer).
Both the changes in the position of the plateau region and delicate
variations in the collapse surface pressures for the respective ﬁlms
may indicate miscibility of the components of the studied mono-
layers. However, to verify this issue, the mean area per molecule (A)
values were estimated from the isotherms at various constant surface
pressures and compared with those resulting from additivity rule
(Aid). As it was found, A values were always lower than Aid, which
conﬁrms nonideal behavior of the systems. To compare the deviations
from ideality found for the investigated ﬁlms, in Fig. 2 are presented
the excess area per molecule (AExc) values calculated at various sur-
face pressures.
It is seen that in all cases the AExc values are negative, which is con-
sistent with the fact that AbAid and with the conclusion of nonideal
behavior of the ﬁlm components and their miscibility in the whole
range of the surface pressures. However, it is also evident that at a
given surface pressure, AExc values become higher (less negative)
with the increase of PS content in the system. This suggests that the
presence of phosphatidylserine in the ﬁlm affects the interactions be-
tween molecules. To get quantitative insight into the interactions be-
tween the lipids in the mixtures, the excess free energy of mixing
(ΔGExc) values were calculated according to Eq. (5) (where AExc is de-
ﬁned by Eq. (2), while Aid by Eq. (3)). This parameter allows one to
discuss the interactions in the mixed ﬁlms in reference to those exis-
ting between the samemolecules in all the respective one component
monolayers. The values of ΔGExc obtained at π=30 mN/m were the
following: ΔGExc≈−1600 J/mol; ≈−1100 J/mol and ≈−800 J/mol
for ﬁlms containing 0; 5 and 10% of PS, respectively. The fact that
ΔGExc values are negative proves that the lipids in the investigated
systems mix favorably and interact more strongly than molecules in
the respective pure ﬁlms. However, since the values of ΔGExc are
higher (less negative) for PS-containing ﬁlms, it can be concluded
that the addition of PS weakens the interactions in the mixtures mim-
icking the outer membrane layer.
The investigated mixed ﬁlms were visualized by using Brewster
Angle Microscope. BAM images taken at various stages of compres-
sion of the monolayer mimicking the outer leaﬂet devoid of PS mole-
cules are presented in Fig. 3. As it can be noticed, at large areas the
domains of condensed phase are dispersed within LE (darker regions)
matrix. The LE phase vanishes with monolayer compression, while
the number of condensed domains increases. These structures be-
come larger and oval, and at π≈5 mN/m they coexist with less con-
densed phase. Above the region of phase transition, condensed
domains merge together and form patches, while at π≈20mN/m the
monolayer is homogenous. At higher surface pressures (π>30mN/m)
ﬁrst small spots of a new condensed phase appear. As can be observed
at π≥35mN/m these condensed spots are dispersed within more
ﬂuid regions. These structures seem to join together however, up toFig. 2. The excess area per molecule values calculated at various surface pressures for
the ﬁlms differing in the concentration of phosphatidylserine.
Fig. 3. BAM images taken at various stages of compression of the mixed ﬁlm imitating outer RBC layer (the monolayer is lacking of PS).
Fig. 4. The surface pressure–area isotherms for the monolayers mimicking outer layer
of RBC membrane differing in the content of phosphatidylserine and plant sterol.
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for the remaining mixed ﬁlms (PS=5% and 10%) are not presented
herein. In fact, in the range of the surface pressure π=0÷20mN/m,
there were no differences in the morphology of the monolayer of vari-
ous PS contents. Slight differences in the pictures for the ﬁlms of higher
PS contents (5 and 10%of PS) and themixture devoid of PS appear at the
higher surface pressure region. Namely, as it was mentioned earlier at
0% of PS in the monolayer the formation of a new condensed phase
was detected at π>30 mN/m. However, for the mixtures of higher PS
concentrations these condensed domains occur at slightly lower surface
pressures (π≈25 mN/m).
3.2. The addition of β-sitosterol into monolayer differing in PS content
In Fig. 4 the surface pressure–area curves for the mixed
monolayers differing in the content of PS into which additionally
β-sitosterols in various concentrations was incorporated (A — 0% of
PS, B — 5% of PS, and C — 10% of PS) are presented.
At 0 and 5% of PS in the mixed monolayer the addition of plant ste-
rol shifts the isotherms to smaller areas (this inﬂuence is slightly
more pronounced at 0% of PS in the system). On the other hand, at
10% of phosphatidylserine in the ﬁlm the effect of β-sitosterol on
the position of isotherms varies with its content in the monolayer.
Namely, at a lower concentration of phytosterol the isotherms shift
to larger areas, while at 20 and 30% of β-sitosterol in the mixture
the isotherms are localized at slightly smaller areas as compared to
those for the monolayer devoid of phytosterol.
Moreover, for the systems of lower PS content the differences in
the position of the plateau region in the isotherms appear, namely
the plateau decreases to lower surface pressures with the addition
of plant sterol. The latter can be clearly observed in the compressional
modulus vs. the surface pressure plots presented in Fig. 5 (for the
clarity of presentation for each system only the curves for the mono-
layers containing 0; 10 and 30% of plant sterol are shown).
In the case of the system containing 10% of PS, a slight shift of the
minimum to lower surface pressures is noticed only at the highest
content of plant sterol in the monolayer. Moreover, the addition of
plant sterol into the ﬁlms causes the increase of the compression
modulus values, which is in accordance with a well known ordering
effect of sterols on phospholipids. At a given β-sitosterol concentra-
tion CS−1 values are the highest for the system, which does not con-
tain PS. Although the differences between the respective ﬁlms are
not too large, the obtained results prove that the lower the content
of PS in the system, the higher is the ordering of the monolayer. For
Fig. 6. The mean area per molecule (A), the excess area per molecule (B) and the excess
free energy of mixing values (C) vs. the concentration of the plant sterol in mixed ﬁlms
differing in the content of phosphatidylserine.
Fig. 5. The compression modulus vs. the surface pressure plots for the monolayers
mimicking outer layer of RBC membrane differing in the content of phosphatidylserine
and plant sterol.
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proportion of β-sitosterol is much stronger as compared to those
monolayers, which contain also PS (for example at π=30 mN/m
and 30% of plant sterol in the ﬁlm CS−1 values rise by ≈185 mN/m
in the case of the monolayer of 0% of PS, while ≈150 and≈90mN/m
for the ﬁlms containing 5 and 10% of PS, respectively).
In the next step of our studies, the properties of mixed ﬁlms were
analyzed by means of the mean area per molecule values (A), which
were compared with those resulting from additivity rule (Aid). Aid
values were calculated from Eq. (4), which allows one to analyze
the properties of the respective mixed ﬁlms containing plant sterol
in respect to a model membrane devoid of β-sitosterol and pure
β-sitosterol monolayer, respectively. Similar approach was used in
further calculation of ΔGExc values. The results are shown in Fig. 6A–C.
It is evident (Fig. 6A) that for all the systems, A values estimated
from experimental curves for the respective ﬁlms differ from those
resulting from additivity rule (dashed lines). However, in the case of
systems containing 10% of PS they are larger, while at lower contents
of PS in the monolayer (0 and 5%) they are smaller than Aid. The exis-
tence of these deviations evidences for non ideal behavior of the ﬁlm
components. The foregoing deviations from ideality are clearly visible
in AExc vs. composition plots presented in Fig. 6B. In this ﬁgure it is
also easy to notice that the negative deviations for the ﬁlms of 0% of
PS are stronger (AExc values are more negative) as compared to
those found for the monolayers containing 5% of PS. Thus, theincrease of sterol content in the system induced by the addition of
plant sterol and resulting condensation is stronger on these ﬁlms,
which do not contain DPPS.
Similar trend appears in Fig. 6C, where the excess free energy of
mixing values ΔGExc are plotted in a function of plant sterol mole frac-
tion. As it is seen, the addition of β-sitosterol into the model systems
of 0% and 5% of PS results in the negative values of ΔGExc. This means
that the addition of the plant sterol into the ﬁlm makes the interac-
tions in the system stronger as compared to those existing in the
respective model membranes (devoid of β-sitosterol) and pure
β-sitosterol ﬁlm. On the other hand, at higher content of PS in the
model membrane, the addition of plant sterol results in positive
values of ΔGExc. This means that in the presence of β-sitosterol in
the mixture the interactions in the monolayer are weaker as com-
pared to those existing between molecules in the model membrane
as well as pure β-sitosterol ﬁlm and – in general – the addition of
plant sterol is thermodynamically unfavorable from the point of
view of the interactions in the model system. Positive values of this
parameter may also indicate that the components of the ﬁlm tend
to phase separate.
In further veriﬁcation of the properties of these mixtures, the
analysis of BAM images taken for the investigated ﬁlms was of great
2189K. Hąc-Wydro, P. Dynarowicz-Łątka / Biochimica et Biophysica Acta 1818 (2012) 2184–2191importance. In Fig. 7 the pictures taken at various stages of compres-
sion of the investigated ﬁlms (differing in PS concentration) con-
taining 10% of plant sterols are shown.
Considering the ﬁlm of 0% of PS+10% of β-sitosterol in pictures
taken at large areas per molecule, the coexistence of three phases
can be noticed: gaseous phase (dark region) and two different con-
densed phases of various gray levels. With compression (π≈5 mN/
m) a gaseous phase vanishes, condensed domains become larger
and coexist with less condensed phase. At 15 mN/m the monolayer
is homogenous, while at ≈30 mN/m new phase (small domains)
appears. The number of the observed domains increases up to the
collapse point. Similar textures are reﬂected in BAM images taken
for the mixture of 5% of PS+10% of β-sitosterol (pictures not
shown). However, strong differences appear in BAM images for the
ﬁlm of the highest content of PS (10% of PS+10% of β-sitosterol)
(Fig. 7B). Considering the regions of large areas, similarly to the
ﬁlms devoid of PS, the coexistence of three different phases is visible.
With the compression of the ﬁlm gaseous regions disappear and large
condensed domains within less condensed matrix can be observed.
The strongest differences between the ﬁlms of various PS contents
appear in the region above the phase transition. For the mixtures of
lower PS contents (0% and 5%) at these surface pressures the mono-
layers were found to be homogenous. However, in the case of the
ﬁlm of increased PS concentration (10%) the monolayer is not ho-
mogenous at any of the stages of compression. At π≈12 mN/m
large oval domains of condensed phase exist in less condensed region,
however, among them appear also small bright points of the third
phase (Fig. 7B). The presence of these strongly shining spots indicates
that they are crystallites of 3D phase expelled from the monolayer
material. With further compression, the condensed domains join
together and the number of bright points increases. BAM pictures
analyzed above indicate that part of a monolayer material is squeezed
out from the ﬁlm containing 10% of PS at 10% of plant sterol, but not in
the monolayer of lower PS concentration.
4. Discussion
Langmuir monolayers are widely applied to build artiﬁcial
membrane systems. This membrane-mimicking method allows one
to model the respective membrane leaﬂets independently,
maintaining their individuality and compositional differences. In
this work Langmuir monolayer technique combined with Brewster
Angle Microscopy was used to build a model of the outer layer ofFig. 7. BAM images taken at various stages of compression of the studied ﬁlms: A) the mix
mixtures containing outer membrane lipids and 10% of PS+10% of β-sitosterol.human erythrocyte (RBC) membrane in order to investigate the effect
of phosphatidylserine as well as to compare the inﬂuence of the plant
sterol on ﬁlms differing in the content of PS. As it was discussed in
the Introduction section, in various pathological cases the externali-
zation of PS molecules from the inner to the outer membrane
layer of human erythrocytes occurs. Therefore, this kind of distur-
bance in RBC membrane should be considered in the analysis of
the correlation between the composition of the membrane and the
effect of plant sterols, which are able to incorporate into human
membranes.
The ﬁrst step of our experiments was dedicated to the analysis of
the effect of PS molecules on the ﬁlms mimicking the outer layer of
RBC membrane. Based on the surface–pressure area isotherms and
the calculated parameters, it was found that the components of the
studied monolayers mix favorably in the whole range of the surface
pressure, even in the presence of PS molecules in the system. The neg-
ative values of the excess free energy of mixing (ΔGExc) prove that the
interactions between the lipids in model membranes are stronger
than those in particular one-component monolayers. However, the
addition of PS makes these attractions weaker as compared to the
forces in the model system devoid of PS. This effect results from the
fact that between PS molecules strong and highly favorable interac-
tions exist, which are facilitated and strengthened by the formation
of hydrogen bonds between the amino and phosphate groups of the
lipid polar heads [41]. It should be kept in mind that the interactions
in the mixed monolayers were considered in respect to those existing
in one component ﬁlms. Thus, the existence of favorable PS–PS inter-
actions in one component monolayer results in a less favorable effect
for the mixed ﬁlm considered in respect to pure lipid monolayers.
Moreover, the higher concentration of PS in the mixture the weaker
the effect observed for these systems is (namely, ΔGExc are less
negative, thus the interactions are less favorable as compared to
those in the monolayer devoid of PS molecules). Therefore, the
strongest interactions exist in the monolayer, which does not contain
phosphatidylserine. The increase of ΔGExc values suggests also ther-
modynamic destabilization of the mixed ﬁlm caused by the addition
of PS molecules.
The obtained results evidenced also a lowering of the packing of
lipids in mixtures containing PS, especially at 10% of phos-
phatidylserine in monolayer, as well as their lower ordering, which
is manifested in larger area per lipid values at constant surface pres-
sure and in a drop in the compression modulus, respectively. Consid-
ering these results in reference to the natural system, it can betures containing outer membrane lipids and 0% of PS+10% of β-sitosterol, and B) the
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some increase of ﬂuidity (a decrease of lipid packing) of the outer
membrane leaﬂet. This conclusion seems to be in accordance with
the results of the studies on erythrocytes taken from patients suffer-
ing from chronic myeloid leukemia performed by using a ﬂuorescent
probe merocyanine MC540 [42]. Merocyanine MC540 was found to
be sensitive to lipid-packing in membrane, namely it binds preferen-
tially to membranes of lower ﬂuidity and thus it is used in the analysis
of molecular packing, both in natural as well as model systems
[42–46]. As it was found [42], MC540 binds to chronic myeloid leuke-
mia RBC characterized by disordering in membrane asymmetry, but it
has a low afﬁnity to RBC membrane taken from healthy donors. Sim-
ilar results (namely increased binding of MC540) were reported for
various apoptotic cells, e.g. lymphocytes, for which externalization
of PS was also evidenced [45].
In the next step of the performed studies, mixed monolayers dif-
fering in the content of PS were applied as a platform to verify the re-
lationship between the content of PS in the model outer membrane
and the effect induced by the addition of β-sitosterol. It was found
that the investigated mixtures behave nonideally and the addition
of plant sterol inﬂuences the interactions between ﬁlm components,
namely the interactions in the systems containing phytosterol differ
from those existing between the molecules in the model membranes
(of various PS concentrations) as well as in the pure plant sterol ﬁlm.
The analysis of the collected data and the calculated parameters
shows that the inﬂuence of plant sterol on the respective ﬁlms de-
pends on the concentration of phosphatidylserine in the system.
Namely, for the model systems devoid of PS as well as those con-
taining 5% of PS the incorporation of β-sitosterol caused condensation
of the mixed ﬁlm, which was reﬂected in lower mean area per mole-
cule values as compared to those resulting from additivity rule. This is
in contrast to the monolayers of 10% of PS, for which the expansion to
larger area per molecule as compared to the model system deprived
of plant sterol was found. The analysis of the compression modulus
values proved that the presence of PS in the model membrane causes
also weakening of the ordering effect induced by the addition of
β-sitosterol into the ﬁlm. Moreover, the addition of plant sterol to
the systems of 0 and 5% of PS makes the interactions between mole-
cules stronger (more attractive) as compared to those existing in
monolayers devoid of phytocompound. However, when the mixture
contains 10% of PS, the incorporation of β-sitosterol causes the inter-
actions to be less favorable as compared to those between molecules
in the model membrane and pure plant sterol ﬁlm. The latter is
reﬂected in positive values of the excess free energy of mixing. Con-
sidering the systems of low PS content, it is interesting to analyze
the magnitude of the effect induced by phytosterol on these ﬁlms. Al-
though the calculated excess free energy of mixing values are nega-
tive, in fact their absolute values are rather low (even at the highest
content of plant sterol (30%) ΔGExc does not drop below ≈−250 J/
mol (at 0% PS) and ≈−130 J/mol (at 5% of PS in the system)). These
values are much less negative than those reported in literature for
various sterol/phospholipid monolayers at the same surface pressure
value (π=30 mN/m) [47,48]. Therefore, it is reasonable to conclude
that the effect of β-sitosterol on the ﬁlms of low PS concentrations
(0 and 5%) is rather weak. However, as mentioned above, the inﬂu-
ence of plant sterol changes with the further increase of PS content.
Namely, the incorporation of β-sitosterol to the ﬁlm of 10% of PS
weakens favorable interactions between molecules in the system
and causes thermodynamic destabilization of the monolayer.
The differences in the effect of plant sterol on the ﬁlms containing
various amounts of phosphatidylserine reﬂect also in BAM images
taken for the studied monolayers. The pictures for the ﬁlms con-
taining 10% of plant sterol evidenced the formation of 3D crystallites
in the monolayer of higher (10%) PS concentration, while this kind of
structures was not observed in the images taken for the ﬁlms of lower
(0 and 5%) PS contents.The foregoing differences may result from a limited miscibility of
sterols with this phospholipid. As it was reported for various choles-
terol/phosholipid mixtures [49,50and references therein], cholesterol
reveals a limited solubility in phospholipid environment and at a
higher concentration in the mixed system it forms crystallites [50].
To detect cholesterol crystals and determine miscibility limit of sterol
in the various phospholipids, Differential Scanning Calorimetry
(DSC), Nuclear Magnetic Resonance (NMR) and X-ray diffraction
(XRD) technique are usually applied [51,52]. As evidence the results
published in literature, solubility limit of cholesterol depends on the
structure of phospholipid as well as environmental conditions how-
ever, in general it is lower in phosphatidylserines as compared to
phosphatidylcholines [51,52]. For example, the solubility limits of an-
imal sterol (cholesterol) in POPC and POPE estimated in X-ray diffrac-
tion experiments were found to be 66 mol% and 51 mol%, respectively
[49,53]. For the comparison, cholesterol solubility limit in POPS is
36 mol%, while for DPPS it was found to be lower, namely it is
30 mol% [52]. Although the results published in this subject concern
mainly mammalian sterol (cholesterol), from NMR studies performed
for mixtures of various sterols and DOPC/DPPC (1:1) membranes, it
results that the plant sterols have lower solubility limit in these mix-
tures than that of cholesterol [50]. Namely, the miscibility limit of
cholesterol in the foregoing mixture of lipids was found to be
65–70%, while the value reported for β-sitosterol was ≈40% [50].
Considering the monolayers investigated herein, they are mixtures
of various phospholipids and cholesterol. Moreover, total concentra-
tion of sterols in these systems increased systematically due to the
addition of plant sterol. It is possible that the solubility limit for ste-
rols in these mixtures is determined by the presence of PS molecules
and is the lowest at the highest concentration of this phospholipid.
One more important ﬁnding can be drawn from the performed
studies. Namely, based on the results of previous experiments on
multicomponent model systems [35], it was concluded that the addi-
tion of plant sterol into the monolayer and the resulting increase of
total sterol content, causes rather a slight inﬂuence on the packing
and interactions in the ﬁlm in the range of plant sterol content≤10%.
This conclusion is in agreement with the results obtained herein,
however, only for the systems deprived of PS or at 5% of this lipid in
the mixture. When the concentration of phosphatidylserine is higher
(10%), the incorporation of β-sitosterol strongly modiﬁes the proper-
ties of the mixed ﬁlm. The obtained results support also the
hypothesis that the composition of membrane may be important
from the point of view of the effect of plant sterol.
5. Conclusions
In this paper the effect of phosphatidylserine (PS) introduced in dif-
ferent amounts (5 and 10%) into multicomponent Langmuir mono-
layers mimicking the outer leaﬂet of human red blood cell (RBC)
membrane devoid of or containing a plant sterol (β-sitosterol) in differ-
ent proportions was investigated. It was found that the addition of the
plant sterol into model RBC membrane that lacks PS or contains only
5% of this phospholipid slightly strengthens the interactions between
molecules. This is in contrast to the system of the increased PS content
(10%), forwhich the plant sterol addition caused thermodynamic desta-
bilization of the ﬁlm and strongly weakened the interactions between
molecules. Although the foregoing experiments were carried out on ar-
tiﬁcial membrane systems (Langmuir monolayers), it can be suggested
that the presence of phosphatidylserine in the outer layer of human
erythrocytes can alter the effect induced by plant sterols on RBC mem-
brane. Looking at the obtained results in a broader aspect it can be
supposed that differences in the composition of cell membranes caused
by the redistribution of PS from the inner to the outer leaﬂet may be
important from the point of view of the inﬂuence exerted by plant
sterols on membranes and may explain different effects of plant sterols
on erythrocytes taken from various donors.
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